We consider theories with spontaneously broken global or local supersymmetry where the pseudo-goldstino or the gravitino is the lightest superparticle (LSP). Assuming that the long-lived next-to-lightest superparticle (NSP) is a charged slepton, we study several supergravity predictions: the NSP lifetime, angular and energy distributions in 3-body NSP decays. The characteristic couplings of the gravitino, or goldstino, can be tested even for very small masses.
Introduction
The discovery of supersymmetry at the Tevatron, the LHC or a future Linear Collider would raise the question how supersymmetry is realized in nature. Clearly, supersymmetry is broken. Spontaneously broken global supersymmetry would predict the existence of a spin-1/2 goldstino (χ) whereas the theoretically favoured case of local supersymmetry requires a massive spin-3/2 gravitino (ψ 3/2 ).
In a recent paper [1] we have studied how a massive gravitino, if it is the lightest superparticle (LSP), may be discovered in decays of τ , the scalar τ lepton, which is naturally the next-to-lightest superparticle (NSP). The determination of gravitino mass and spin appears feasible for gravitino masses in the range from about 1 GeV to 100 GeV. As we shall discuss in this note, evidence for the characteristic couplings of a pseudogoldstino, which corresponds to the spin-1/2 part of the gravitino, can be obtained even for masses much smaller than 1 GeV.
The gravitino mass depends on the mechanism of supersymmetry breaking. It can be of the same order as other superparticle masses, like in gaugino mediation [2] or gravity mediation [3] . But it might also be much smaller as in gauge mediation scenarios [4] . As LSP, the gravitino is an attractive dark matter candidate [5] .
The τ NSP has generally a long lifetime because of the small, Planck scale suppressed coupling to the gravitino LSP. The production of charged long-lived heavy particles at colliders is an exciting possibility [6] . They can be directly produced in pairs or in cascade decays of heavier superparticles. In the context of models with gauge mediated supersymmetry breaking the production of slepton NSPs has previously studied for the Tevatron [7] , for the LHC [8] and for a Linear Collider [9] .
The dominant τ NSP decay channel is τ → τ + missing energy. In the following we shall study how to identify the gravitino or goldstino as carrier of the missing energy. First, one will measure the NSP lifetime. Since the gravitino couplings are fixed by symmetry, the NSP lifetime is predicted by supergravity given the gravitino mass, which can be inferred from kinematics. Second, one can make use of the 3-body NSP decay τ → τ + γ + X where X = ψ 3/2 or X = χ. The angular and energy distributions and the polarizations of the final state photon and lepton carry the information on the spin and couplings of gravitino or goldstino.
For gravitino masses in the range from about 10 keV to 100 GeV, the NSP is essentially stable for collider experiments, and one has to accumulate the NSPs to study their decay. Sufficiently slow, strongly ionizing sleptons will be stopped within the detector. One may also be able to collect faster sleptons in a storage ring. For gravitino masses less than O(10 keV) the τ can decay inside the detector, which may be advantageous from the experimental point of view.
At LHC one expects O(10 6 ) NSPs per year which are mainly produced in cascade decays of squarks and gluinos [10] . The NSPs are mostly produced in the forward direction [11] which should make it easier to accumulate τ s in a storage ring. In a Linear Collider an integrated luminosity of 500 fb −1 will yield O(10 5 ) τ s [12] . Note that, in a Linear Collider, one can also tune the velocity of the produced τ s by adjusting the e + e − center-of-mass energy. A detailed study of the possibilities to accumulate τ NSPs is beyond the scope of this note. In the following we shall assume that a sufficiently large number of τ s can be produced and collected.
This study is strongly based on Ref.
[1]. Here, we discuss in more detail the case of a very light gravitino, or pseudo-goldstino, for which the τ NSP can decay inside the detector. Although in this case it is difficult to determine mass and spin of the gravitino, one can still see the characteristic coupling of the gravitino, which is essentially the goldstino coupling, via the 3-body decay τ → τ + γ + X with X = ψ 3/2 or X = χ.
Planck mass from τ decays
The τ decay rate is dominated by the two-body decay into τ and gravitino,
where Since the decay rate depends only on two unknown masses m τ and m 3/2 , independently of other SUSY parameters, gauge and Yukawa couplings, it is possible to test the prediction of the supergravity if one can measure these masses. The mass m τ of the NSP will be measured in the process of accumulation. Although the outgoing gravitino is not directly measurable, its mass can also be inferred kinematically unless it is too small,
The gravitino mass can be determined with the same accuracy as E τ and m τ , i.e. with an uncertainty of a few GeV.
Once the masses m τ and m 3/2 are measured, one can compare the predicted decay rate (1) with the observed decay rate, thereby testing an important supergravity predic-tion. In other words, one can determine the 'supergravity Planck scale' from the NSP decay rate which yields, up to O(α) corrections,
The result can be compared with the Planck scale of Einstein gravity, i.e. Newton's constant determined by macroscopic measurements, G N = 6.707(10) · 10
The consistency of the microscopic and macroscopic determinations of the Planck scale is an unequivocal test of supergravity.
Note that the measurement of the gravitino mass yields another important quantity in supergravity, the mass scale of spontaneous supersymmetry breaking M SUSY = √ 3M P m 3/2 . This is the analogue of the Higgs vacuum expectation value v in the electroweak theory, where
Gravitino and goldstino versus neutralino
If the measured decay rate and the kinematically determined mass of the invisible particle are consistent with Eq. (1), one already has strong evidence for supergravity and the gravitino LSP. To analyze the couplings of the invisible particle, one can study the 3-body decay τ → τ + γ + X for the gravitino X = ψ 3/2 and compare it with the case where X is a hypothetical spin-1/2 neutralino. This is of particular importance if the mass of the invisible particle is so small that the supergravity prediction for the NSP lifetime, as described in the previous section, cannot be tested.
The NSP τ is in general a linear combination of τ R and τ L , the superpartners of the right-handed and left-handed τ leptons τ R and τ L , respectively. The interaction of the gravitino ψ 3/2 with scalar and fermionic τ leptons is described by the lagrangian [14] ,
where D ν τ R = (∂ ν +ie A ν ) τ R and A ν denotes the gauge boson. The interaction lagrangian of τ L has an analogous form.
As an example for the coupling of a hypothetical spin-1/2 neutralino to τ and τ , we consider the Yukawa interaction 1 ,
Note that for very small coupling h, the τ decay rate could accidentally be consistent with the supergravity prediction Eq. (1).
Also the goldstino χ has Yukawa couplings of the type given in Eq. (6). The full interaction lagrangian is obtained by performing the substitution ψ µ →
∂ µ χ in the supergravity lagrangian. The non-derivative form of the effective lagrangian for χ is given by [15] ,
where we have neglected a quartic interaction term which is irrelevant for our discussion.
In the following, we consider a massive pseudo-goldstino χ, in order to compare it with the massive gravitino and neutralino. Like a pseudo-Goldstone boson, the pseudo-goldstino has goldstino couplings and a mass which explicitly breaks global supersymmetry.
Note that the goldstino coupling to the photon supermultiplet is proportional to the photino mass m γ . As a consequence, the contribution to 3-body τ -decay with intermediate photino (cf. Fig. 1(c) ) is not suppressed for very large photino masses. As we shall see, this leads to significant differences between the angular distributions for pure Yukawa and goldstino couplings, even when χ and λ are very light.
In τ decays both, photon and τ lepton will mostly be very energetic. Hence the photon energy E γ and the angle θ between τ and γ can be well measured (cf. Fig. 2(a) ). We can then compare the differential decay rate
for the gravitino LSP (X = ψ 3/2 ), the pseudo-goldstino (X = χ) and the hypothetical neutralino (X = λ). Details of the calculation are given in Ref.
[1]. The differences between ψ 3/2 , χ and λ become significant in the backward direction (cos θ < 0) as demonstrated by Fig. 2 (b)-(d) , where m τ = 150 GeV and m X = 75 GeV (X = ψ 3/2 , χ, λ). The three differential distributions are qualitatively different and should allow to distinguish experimentally gravitino, goldstino and neutralino.
Let us now consider the case of small m X . Then the goldstino lagrangian (7) effectively describes the gravitino interactions. Therefore, one can no longer distinguish between gravitino and goldstino in this case. However, even for small m X one can discriminate the gravitino or goldstino from the neutralino. The difference between goldstino χ and neutralino λ stems from the photino contribution (cf. Fig. 1(c) ) which does not decouple for large photino mass m γ . This is different from the gravitino case where the analogous diagram becomes irrelevant in the limit m γ ≫ m τ which is employed throughout this study.
The arising discrepancy between gravitino or goldstino and neutralino is demonstrated by Fig. 3 . It clearly shows that even for very small masses m 3/2 and m λ , the differential decay rates ∆ for gravitino ψ 3/2 and neutralino λ are distinguishable. This makes it possible to discriminate gravitino and goldstino from a hypothetical neutralino even for very small masses. Note that the plots of Fig. 3 Let us finally comment on the experimental feasibility to determine gravitino or goldstino couplings. The angular distribution of the 3-body decay is peaked in forward direction (θ = 0). Compared to the 2-body decay, backward (cos θ < 0) 3-body decays are suppressed by ∼ 10 −1 ×α ≃ 10 −3 . Requiring 10. . . 100 events for a signal one therefore needs 10 4 to 10 5 τ s, which appears possible at the LHC and also at a Linear Collider according to the above discussion.
Gravitino spin
A third test of supergravity is intuitively more straightforward though experimentally even more challenging than the previous ones. It is again based on 3-body decays. We now take into account also the polarizations of the visible particles, γ and τ . The main point is obvious from Fig. 4(a) where a left-handed photon and a right-handed τ move in opposite directions. 2 Clearly, this configuration is allowed for an invisible spin-3/2 gravitino but it is forbidden for a spin-1/2 goldstino or neutralino. Unfortunately, measuring the polarizations is a difficult task. illustrates the characteristic spin-3/2 process: photon and τ lepton move in opposite directions and the spins add up to 3/2, so the invisible particle also has spin 3/2. The other figures show angular asymmetries for gravitino ψ 3/2 (solid curve), goldstino χ (dashed curve) and neutralino λ (dotted curve). m τ = 150 GeV. The photon energy is larger than 10% of the maximal kinematically allowed energy (cf. Ref.
[1]). Note that the asymmetries only depend on the ratio r = m 2 X /m 2 τ (X = ψ 3/2 , χ, λ).
As Fig. 4(a) illustrates, the spin of the invisible particle influences the angular distribution of final states with polarized photons and τ leptons. An appropriate observable is the angular asymmetry
where X denotes gravitino (X = ψ 3/2 ), goldstino (X = χ) or neutralino (X = λ). Note that, as discussed before, the photino does not decouple in the case X = χ.
The three angular asymmetries are shown in Fig. 4 for m τ = 150 GeV and different masses of the invisible particle. As expected, the decay into right-handed τ and lefthanded photon at θ = π is forbidden for spin-1/2 invisible particles (χ and λ), whereas it is allowed for the spin-3/2 gravitino. This is clearly visible in Figs. 4(c) and (d); for small gravitino masses the goldstino component dominates the gravitino interaction as illustrated by Fig. 4(b) . The discrepancy between gravitino and goldstino compared to a hypothetical neutralino persists for arbitrarily small m X , which is analogous to the double differential distribution discussed in the previous section.
Conclusions
We have discussed how one may discover a massive gravitino, and thereby supergravity, at the LHC or a future Linear Collider, if the gravitino is the LSP and a charged slepton is the NSP. With the gravitino mass inferred from kinematics, the measurement of the NSP lifetime will test an unequivocal prediction of supergravity. The analysis of 3-body NSP decays will reveal the couplings of the gravitino or the goldstino. For very small masses, one can distinguish the gravitino from the neutralino but not from the goldstino. For masses larger than about 1 GeV, the determination of gravitino mass and spin appears feasible.
